T lymphocytes obtained from pigs infected with a lethal dose of classical swine fever virus were analysed for phenotypic changes in the composition of T-cell subpopulations and for alterations in their immune responsiveness in vitro during the course of disease. Viral antigen detected in all subpopulations and the selective depletion of CD4 N CD8 N γ/δ T cells showed that peripheral blood T lymphocytes were affected in the terminal stage (14-19 days postinfection) of classical swine fever whereas no implications for T lymphocytes were obvious during the
Introduction
Classical swine fever (CSF) is a highly contagious disease of swine with an almost worldwide distribution which leads to severe economic losses. The causative agent, classical swine fever virus (CSFV), is a small enveloped RNA virus with a genome consisting of a single-stranded RNA of positive polarity (Meyers et al., 1989 ; Moormann et al., 1990) and has been classified into the genus Pestivirus within the family Flaviviridae (Wengler, 1991) . Depending on the virulence of the strain, the infection dose and host factors such as age and immunocompetence, infection of pigs with CSFV may lead to peracute, acute, chronic, late onset or clinically inapparent courses of disease (Van Oirschot, 1988) .
Involvement of the lymphatic system, such as thymus atrophy, destruction of lymph follicles in lymph nodes as well as a leukopenia and B-cell depletion, has been reported in connection with CSFV infection of pigs (Trautwein, 1988 ; Susa et al., 1992) . Furthermore, virus infection of leucocytes and lymphatic tissues has been described (Ressang, 1973 a, b ; Susa et al., 1992) . Little information is available regarding the influence of CSFV infection on phenotype and function of host lymphocytes. Recently, we described the tropism of CSFV to B-cell follicles during the course of CSF (Susa et al., 1992) . The data presented here concern T-lymphocyte compartments. Besides monitoring changes in the distribution of T-lymphocyte subpopulations isolated from CSFV-infected pigs and identifying the phenotype of virus-infected cells, the aim of the present study was to determine functional alterations in the immune responses of T lymphocytes during the course of disease.
Methods

Cells and viruses. The pig lymphoma cell line 38A
" D was kindly provided by Dr Scha$ fer (Max Planck-Institut fu$ r Virusforschung, Tu$ bingen, Germany). Cells were grown in Dulbecco's modified Eagle's medium supplemented with 10 % FCS. CSFV strain Alfort Tu$ bingen, identical to CSFV Alfort used in previous studies (Meyers et al., 1989) , was propagated in 38A " D cells as described (Weiland et al., 1990) . Virus titres were determined as previously published (Meyers et al., 1996) . The Alfort strain was reisolated from organs of a moribund animal in the course of animal experiments.
The K562 tumour cell line (ATCC) (Klein et al., 1976) was used as target cells for the quantification of spontaneous cytolytic activity of porcine T lymphocytes (Pescovitz et al., 1988) .
Monoclonal antibodies. Anti-CD1 (MAb 76-7-4, mouse IgG2a) (Pescovitz et al., 1984) , anti-CD2 (MAb MSA4, mouse IgG2a) (Hammer- T. Pauly and others T. Pauly and others Fig. 1 . Changes in the expression of CD4 and CD8 antigens of peripheral T lymphocytes and identification of virus-infected cells during the course of disease. Three-colour flow cytometric analysis of porcine peripheral T lymphocytes isolated from an animal before (a), 7 days (b) and 15 days (c) after CSFV infection. The fluorescence intensities of CD4-FITC and CD8-APC are displayed as two-dimensional contour plots with a total number of 25 000 cells analysed. Quadrants I-IV are defined by background staining with fluorescent conjugates alone. Numbers in the corners indicate the percentages of cells in the respective quadrants. The intracellular PE fluorescence of viral antigen E2 is depicted as line plots for all cells (d, e, f, quadrants I-IV) and in addition separately for cells in the respective quadrants (g, only for cells isolated 15 days p.i.).
T-cell phenotype and immune response to CSFV T-cell phenotype and immune response to CSFV berg & Schurig, 1986) and anti-CD4 (MAb 74-12-4 ; mouse IgG2b) (Pescovitz et al., 1984 ; Lunney, 1993) were provided by Dr J. K. Lunney (USDA, ARS, Beltsville, Md., USA). Anti-CD8 (MAb 11\295\33 ; mouse IgG2a) (Jonjic & Koszinowski, 1984 ; Lunney, 1993) and MAb a18 directed against glycoprotein E2 of CSFV (Weiland et al., 1990) were established at the Federal Research Centre, Tu$ bingen.
Infection of animals. Two-to three-month-old pigs (German landrace) were intranasally infected with 2i10( TCID &! of CSFV strain Alfort Tu$ bingen. Blood samples from the vena jugularis externa were taken before infection (a.i.) and several times post-infection (p.i.). Thymuses were isolated after killing infected animals at different stages of disease (5 days or 15 days p.i.).
Cell separation procedures.
Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll-Hypaque (Pharmacia) centrifugation of heparinized blood. To obtain purified T lymphocytes, monocytes were depleted from PBMC by plastic adherence (Pescovitz et al., 1985) and thereafter B lymphocytes were depleted by passages over nylon wool columns (Saalmu$ ller et al., 1987) . Thymocytes were isolated by gently passing the thymus through a steel mesh.
Lymphocyte proliferation assays. T lymphocytes (2i10'\ml) were suspended in RPMI 1640 (supplemented with 10 % FCS, 2 mM -glutamine, 5i10 −& M 2-mercaptoethanol, 10 mM HEPES buffer, 100 IU\ml penicillin and 0n1 mg\ml streptomycin sulphate) and titrated in volumes of 100 µl per microculture in round-bottomed microtitre plates (Greiner).
For activation with mitogen, 100 µl concanavalin A (ConA, Pharmacia ; final concentration 10 µg\ml) was added to each microculture for 3 days. In order to generate a mixed leucocyte reaction (MLR), T lymphocytes were cultivated with 100 µl\microculture of alloantigenic, γ-irradiated (30 Gy) PBMC as stimulator cells (2i10'\ml) for 4 days.
Proliferative responses were determined by adding 1 µCi [$H] thymidine (Amersham) per well for an additional 18 h. After freezing and thawing of the microplate cultures the cells were harvested by using a multiharvester system (Wallac) and [$H]thymidine uptake was subsequently measured in a β-counter (Wallac).
Cytotoxicity assays. In order to quantify the spontaneous cytolytic activity of T lymphocytes, K562 tumour cells were labelled with Na&"CrO % (Amersham) for 90 min (100 µCi per 10' cells), washed and incubated for 16 h with effector cells at various effector-to-target cell ratios.
The cytolytic activity of alloantigen-specific T lymphocytes generated during an MLR (7 days of cultivation) was determined against 3 day ConA-lymphoblast cultures of the stimulator cell donor as target cells. Target cells were labelled as described above, washed and incubated for 4 h with effector cells at different effector-to-target cell ratios. The percentage specific cytolytic activity was calculated as described previously (Jonjic & Koszinowski, 1984) . Target cells of the responder cell donor served as control. The measurements were performed on a dual-LASER FACStar plus (Becton Dickinson) essentially as described previously (Saalmu$ ller et al., 1989) . The list mode data were processed for the respective figures using PC-lysis and Coreldraw software.
Immunocytochemistry. For detection of T-cell marker antigens CD1 and CD8 fresh organ material was shock frozen in liquid nitrogen. Five µm sections were cut using a cryo-microtome and were subsequently air-dried and fixed in acetone.
For the detection of CSFV antigens organ material was fixed in formaldehyde and embedded in paraffin using standard techniques. Four µm sections were cut and dewaxed in rotihistol (Roth) and graded ethanol. This was followed by an antigen reactivation step where sections were incubated in saturated lead citrate (F-Ma1) solution using a microwave oven at 360 W for 10 min. After blocking sections with 10 % normal goat serum immunostaining was performed using MAbs 76-7-4 (anti-CD1), 11\295\33 (anti-CD8) and a18 (anti-CSFV E2) followed by a biotin-conjugated anti-mouse serum (Jackson Laboratories). Staining was completed using horseradish peroxidase-labelled streptavidin (Biogenex). After counterstaining with haematoxylin, photographs were taken at magnifications between i100 and i1000.
Results
Alterations in the composition of peripheral T-lymphocyte subpopulations during the course of disease
In previous studies a severe leukopenia combined with a depletion of surface immunoglobulin-positive B lymphocytes has been described for pigs succumbing to acute CSF (Susa et al., 1992) . In order to study the influence of CSFV infection on peripheral blood T lymphocytes, flow cytometric analyses were performed before infection and at different stages of disease. Four T-lymphocyte subpopulations can be distinguished in the peripheral blood of non-infected pigs using MAbs directed against porcine CD4 and CD8 antigen (Fig.  1 a) : namely CD4 + CD8 − (quadrant IV, 35 % for this individual animal), CD4 − CD8 + T lymphocytes (quadrant I, 22 %), a substantial population of CD4 − CD8 − double-negative cells (quadrant III, 36 %) and peripheral T lymphocytes coexpressing CD4 and CD8 antigens (quadrant II, 7 %). The latter subpopulation has been found to be unique for the porcine immune system (Saalmu$ ller et al., 1987) . During the first week of infection no remarkable changes were identified in the relative distribution of these T-lymphocyte subpopulations (Fig. 1 b) . Interestingly, at the terminal stage of disease when the animals had to be killed in a moribund state (day 12-19 p.i.) a marked decrease in the relative amount of CD4 − CD8 − double-negative γ\δ T-cell receptor-positive T lymphocytes was observed for all four animals analysed ( Fig. 1 c, quadrant III, 9 % for this individual animal).
CSFV infection of peripheral T lymphocytes
Simultaneous staining of T lymphocytes with MAbs directed against porcine differentiation antigens and MAb a18 directed against CSFV glycoprotein E2 allowed the phenotypic characterization of infected T lymphocytes ( Fig. 1 d-g ). Intracellular CSFV antigen was detected in T lymphocytes only at the terminal stage of disease (Fig. 1 f ) . Fifteen days after infection virus-positive cells could be identified in all four Tlymphocyte subpopulations analysed with no clear preference for a particular subpopulation (Fig. 1 g) . In contrast, T lymphocytes isolated earlier after infection (days 1-7 p.i.) were not infected (Fig. 1 e) . These findings are in agreement with results of antigen detection by immunochemistry as well as in situ nucleic acid hybridization experiments for detection of CSFV genome in PBMC derived from infected animals (M. Ko$ nig, unpublished data).
Functional characterization of T lymphocytes from CSFV-infected animals
In addition to the phenotypic characterization of T lymphocytes in CSFV-infected pigs the influence of the virus infection on host lymphocyte functions was examined. To this end T lymphocytes obtained from CSFV-infected pigs during the course of disease were used as effector cells in different in vitro assays. The responsiveness of T lymphocytes was tested by assaying proliferation after polyclonal mitogen stimulation with ConA. Furthermore, MHC-restricted responses, such as the proliferation in MLR and the generation of alloantigenspecific cytolytic T lymphocytes, were investigated. Finally, natural killer (NK) assays were performed to determine the influence of the infection on the spontaneous cytolytic activity of NK cells. A marked decrease in peripheral T-lymphocyte responsiveness was detectable in all in vitro assays performed. At the onset stage of disease (day 3 p.i.) proliferative responses of polyclonal (Fig. 2 a) and alloantigenic (Fig. 2 b) stimulated T lymphocytes were already reduced. In addition, the cells had a diminished cytolytic activity against K562 tumour cells (Fig.  3 a) and a reduced MHC-restricted lysis of alloantigenic target cells (Fig. 3 b) . The functional disorders were more prominent 5 days p.i. when T-lymphocyte responses were almost completely abrogated. Comparison of [$H]thymidine incorporation by T lymphocytes obtained from six different animals before infection and 5 days after infection revealed a reduction of 49-86 % in ConA-stimulated cultures and 64-97 % in alloantigen-stimulated cultures (MLR) ( Table 1) .
Peripheral T lymphocytes obtained at the terminal stage of disease were also unresponsive to mitogenic and antigenic stimuli (data not shown). Furthermore, a reduced responsiveness was also observed for T lymphocytes from lymph node and spleen of infected animals (data not shown).
In order to investigate the mechanisms of disturbed T-cell function, different attempts were made to restore the pro-T-cell phenotype and immune response to CSFV T-cell phenotype and immune response to CSFV 
Table 1. Proliferative responses of T lymphocytes after CSFV infection
The percentage reduction in proliferative responses to ConA and alloantigeneic-irradiated PBMC (MLR) of T lymphocytes isolated before infection compared to the response of T lymphocytes isolated 5 days after CSFV infection is indicated for six different animals. The ranges for radiolabelled thymidine incorporation by 2i10& T lymphocytes per microculture were as follows : (i liferative response of T lymphocytes isolated from CSFVinfected pigs. Reconstitution experiments were performed by combining autologous T lymphocytes isolated before infection and 15 days after infection at different ratios. Using these cell mixtures as effector cells in MLR, the proliferative response increased proportionally with the percentages of non-infected T lymphocytes added (Fig. 4) . Neither supply with conditioned medium generated by alloantigen-stimulated autologous lymphocytes or autologous sera obtained before infection, nor the addition of exogenous recombinant interleukin-2 (IL-2) restored the proliferative response of T lymphocytes derived from infected animals in the MLR (data not shown).
Phenotypic characterization of non-infected and CSFV-infected thymocytes
The leukopenia, as well as the depletion of thymusdependent CD4 − CD8 − T lymphocytes observed in CSFVinfected animals, indicated a disturbance of the maturation of thymic T lymphocytes that could explain their unresponsiveness. In order to investigate the thymic compartment in detail, thymocytes isolated from non-infected pigs and from animals killed 15 days after CSFV infection were analysed with regard to the expression of porcine CD1, CD2, CD4 and CD8 antigens as well as CSFV glycoprotein E2 by flow cytometry (Fig. 5) . For completeness, the expression of T lymphocytespecific antigens and the distribution of viral antigens in the thymus were investigated at the onset (5 days p.i.) and the terminal stage (15 days p.i.) of CSF by immunocytochemistry (see Fig. 6 ).
With respect to their CD4 versus CD8 antigen expression, thymocytes from a non-infected animal showed the expected distribution of the respective phenotypes : 54 % coexpressed CD4 and CD8 antigens ; these cells have been defined as DF T. Pauly and others T. Pauly and others Fig. 4 . Reconstitution of the alloantigenspecific proliferative response of T lymphocytes derived from CSFV-infected pigs. T lymphocytes isolated from an noninfected pig were cocultivated at different ratios with autologous T lymphocytes obtained 5 days after CSFV infection in an MLR. The alloantigenic proliferative response was quantified by determining the incorporation of radiolabelled thymidine ($). #, Uptake of thymidine of responder cells stimulated with syngeneic PBMC. common thymocytes (Fig. 5 a, quadrant II) . Twenty-three per cent of the cells were CD4 − CD8 − (quadrant III) representing more immature thymocytes, whereas a small percentage of cells expressed either CD4 (9 %, quadrant IV) or CD8 antigen (14 %, quadrant I) showing the phenotypes of more mature thymocytes. Almost all cells were CD2 + (Fig. 5 b, quadrants II and IV, 98 %) whereas the expression of CD1 antigen was heterogeneous with the highest CD1 antigen density on CD4 + CD8 + common thymocytes as described previously (Saalmu$ ller et al., 1989) . DG T-cell phenotype and immune response to CSFV T-cell phenotype and immune response to CSFV Fig. 6 . Localization of thymocyte populations and CSFV antigens in thymus of CSFV-infected pigs. Immunocytochemical staining was done on sections of thymus obtained at the onset of disease (5 days p.i. ; A, C, E and G) and at the terminal stage of CSF (15 days p.i. ; B, D, F and H). Sections were immunostained using MAbs 76-7-4 and 11/295/33 directed against Tlymphocyte antigens CD1 (A and B) and CD8 (C and D), respectively. Viral antigen was detected using MAb a18 against CSFV glycoprotein E2 (E-H). Photographs were taken at a magnification of i100 (A-F) and i1000 (G and H), respectively. Co, cortical region ; Me, medulary region.
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At the onset of disease no phenotypic alterations of thymocytes were noticed (data not shown). In contrast, the phenotype of thymocytes from animals at the terminal stage of CSF differed dramatically from that observed in non-infected pigs. Cells expressing the thymocyte-specific marker CD1 were totally absent (Fig. 5 e, quadrants I and II, 0 %). CD4 + CD8 + common thymocytes as the major population in non-infected thymuses decreased at 15 days after infection to a minor population of 9 % (Fig. 5 d, quadrant II) . The phenotype of thymic cells from infected animals resembled that of peripheral T lymphocytes.
Looking at the expression of CSFV antigens, infected thymocytes could be detected only at the terminal stage of disease (Fig. 5 f, histogram plot) whereas viral antigen was absent in thymocytes at the onset of CSF (data not shown).
The distribution of T-lymphocyte antigens and viral antigens in the thymus was determined by immunocytochemistry (Fig. 6 ). MAbs against thymocyte marker antigen CD1 (A and B) and T lymphocyte differentiation antigen CD8 (C and D) were used to immunostain thymuses of pigs 5 days after infection (A and C) and at the terminal stage of disease (B and D). Note the almost complete depletion of CD1 + cells in Fig. 6 (B) (terminal stage of disease) dominating in the cortical region (Co) of non-infected animals. CD8 + T cells revealed an altered distribution in the thymus after infection with CSFV ; in non-infected animals CD8 + cells represent immature T cells coexpressing CD4 and CD1 whereas more mature medullary CD8 + cells mostly show the CD8 + CD4 − CD1 − phenotype (data not shown). In the terminal stage of CSF CD8 + cells appear to be uniformly distributed across the remnants of the thymus. Samples from animals killed 5 days after infection revealed no remarkable differences in comparison to non-infected controls (data not shown).
Viral antigen was detected using MAb a18 against CSFV glycoprotein E2 in sections from an animal 5 days p.i. (Fig. 6 E and G) and at the terminal stage of disease (F and H). Early after infection few cells expressing viral antigen were found lining vessels at the cortico-medullary border and scattered in the medulla and the cortex (E). Antigen-positive cells were mostly large non-lymphoid cells (G). At the terminal stage of disease virus-infected cells were diffusely distributed throughout the tissue (F) and comprised lymphoid and non-lymphoid cells (H).
Discussion
One aim of our studies on CSF was to determine the involvement of porcine lymphocytes in the pathogenesis of disease. In a previous report we demonstrated the infection and destruction of B-lymphocyte compartments in CSFV-infected pigs which were expected to harm their humoral immune response (Susa et al., 1992) .
Here we investigated whether T lymphocytes are also affected by CSFV infections. For this, alterations in the distribution of peripheral blood T-lymphocyte populations and the occurrence of viral antigens were monitored during the course of disease. Furthermore, to obtain information about their responsiveness the reactivity of T lymphocytes isolated from CSFV-infected pigs was investigated.
During the first 10-14 days after infection no obvious effect on peripheral T lymphocytes was observed with regard to the distribution of T-lymphocyte subpopulations. In addition, virus-infected cells could not be detected during this time period. Nevertheless, a dramatic general leukopenia affecting also the T-lymphocyte compartment was an early symptom of infected pigs and correlated with the induction of immune deficiency in the T-cell compartment during the acute infection. Therefore, even though there was no major change in the relative composition of T-lymphocyte subpopulations, a decrease in the total amount of T lymphocytes has to be taken into consideration.
At the terminal stage of disease a predominant depletion of CD4 − CD8 − T lymphocytes was observed. This population of T lymphocytes is characterized by the expression of γ\δ T-cell receptors Hirt et al., 1990 ; Reddehase et al., 1991) and represents a substantial T-lymphocyte subpopulation in the blood of pigs and other ungulates (Mackay et al., 1986 ; Saalmu$ ller et al., 1989) . The function of γ\δ T lymphocytes is not well understood. A participation in defence of bacterial and viral infections has been reported in human and mouse (Modlin et al., 1989 ; Janis et al., 1989 ; Hiromatsu et al., 1992 ; Johnson et al., 1992) where γ\δ T lymphocytes are predominantly located in epithelia and may represent an early defence mechanism against infection. Functional characterization of porcine peripheral γ\δ T lymphocytes revealed that they respond to mitogens and show a natural killer cell activity, but fail to respond to MHCrestricted antigens (A. Saalmu$ ller, unpublished data).
Different viral infections induce a suppression of the host's immune system which can be demonstrated by the inability of lymphocytes isolated from infected animals to respond to specific and non-specific antigens in vitro (reviewed by Rouse & Horohov, 1986) . Investigation of the immune reactivity of T lymphocytes isolated from swine after infection with CSFV revealed that these cells were almost totally unresponsive to MHC-restricted as well as non-MHC-restricted stimuli. It is important to notice that T lymphocytes of lymph nodes and spleen of infected animals were also non-responsive. Surprisingly, the unresponsiveness could be observed as early as 3-5 days p.i. when neither changes in the distribution of phenotypically defined T-lymphocyte subpopulations nor virus-infected T lymphocytes were detectable. The immune deficiency appears not to be due to the infection of T lymphocytes by CSFV per se. However, infection of other cells may indirectly lead to alteration of T-lymphocyte functions. This conclusion is supported by experiments which showed that in vitro infection of T lymphocytes with CSFV does not alter their proliferative response to mitogen or alloantigenic stimulus (data not shown). Furthermore, reconstitution experi-T-cell phenotype and immune response to CSFV T-cell phenotype and immune response to CSFV ments indicated that T lymphocytes isolated from CSFVinfected animals possess an intrinsic defect that cannot be corrected by mediators produced by a normal cell population. The incapacity of exogenous IL-2 to restore the responsiveness of these T lymphocytes confirms this conclusion.
Recently, the induction of activation-induced cell death of T lymphocytes has been discussed as a mechanism for virusinduced immune deficiency in the course of different infectious diseases. Apoptotic death of activated T lymphocytes isolated from HIV-infected individuals or lymphocytic choriomeningitis virus-infected mice has been demonstrated as a consequence of a second activation signal in vitro (Groux et al., 1992 ; Meyaard et al., 1992 ; Razvi & Welsh, 1993) . Such a mechanism could also account for the observed unresponsiveness of T lymphocytes isolated during acute CSF because it excludes the need for direct infection of lymphocytes and requires only inappropriate immune stimulation of T cells in vivo.
Several viruses are known to encode proteins which modulate the immune response of their hosts (reviewed by McChesney & Oldstone, 1987 ; Marrack & Kappler, 1994) . One promising candidate as an immunomodulator is the CSFV-encoded glycoprotein E rns especially since substantial amounts of this protein are present in virus-free supernatant of infected cells including serum of infected animals (Ru$ menapf et al., 1993 ; unpublished data) . Indeed, it has recently been reported that glycoprotein E rns of CSFV has an immunosuppressive effect in vitro by inducing apoptosis in porcine lymphocytes (Bruschke et al., 1997) .
Besides the induction of apoptosis of peripheral T lymphocytes, a suppressed thymopoiesis along with an elimination of CD4 + CD8 + thymocytes by apoptosis has been reported in HIV infections (Bonyhadi et al., 1993) . Importantly, a severe thymus atrophy is a common feature of CSFV-infected animals at the terminal stage of disease (reviewed by Trautwein, 1988) . Our investigation demonstrated that residual thymocytes neither expressed CD1 antigen nor did they coexpress CD4 and CD8 antigen as ' common thymocytes ' characteristically do. Instead, their pattern of antigen expression resembled that of peripheral T lymphocytes, suggesting that there has been either a block in immigration of mature T lymphocytes into the periphery or an infiltration of peripheral T lymphocytes into the thymus. The observed infection of non-lymphoid thymic cells, which are important for the education of thymocytes, may lead to a disturbed thymopoiesis in swine after infection with CSFV and precludes a regeneration of the T-cell compartment with immunocompetent cells. This can also explain why the unresponsiveness of peripheral T lymphocytes lasts until the death of the animals.
Moreover, the severe leukopenia that starts early after infection may cause an exhaustion of immunocompetent T lymphocytes. Therefore CSFV is expected not only to harm the humoral immune response but also to impede infected animals from the development of an effective cellular immune response to combat this viral infection. In consequence, the impaired immune responses of virus-infected animals will lead to the manifestation of CSF and an increased susceptibility to secondary infections.
